Abstract The present investigation deals with the facile synthesis and characterization of chitosan (CTS)-based zinc oxide (ZnO) nanoparticles (NPs) and their antimicrobial activities against pathogenic microorganisms. ZnO-CTS NPs were synthesized through two different methods: nano spray drying and precipitation, using various organic compounds (citric acid, glycerol, starch and whey powder) as stabilizers. Both the synthesis methods were simple and were devoid of any chemical usage. The detailed characterization of the NPs was carried out using UV-Vis spectroscopy, dynamic light scattering particle size analysis, zeta potential measurements and scanning electron microscopy, which confirmed the fabrication of NPs with different shapes and sizes. Antimicrobial assay of synthesized ZnO-CTS NPs was carried out against different pathogenic microbial strains (Candida albicans, Micrococcus luteus and Staphylococcus aureus). The significant (p \ 0.05) inhibition of growth was observed for both M. luteus and S. aureus with ZnO-CTS NPs (with a concentration ranging from 0.625 to 0.156 mg/ml) as compared to control treatment. ZnO-CTS NPs also showed significant biofilm inhibition activity (p \ 0.05) against M. luteus and S. aureus. The study demonstrated the potential of ZnO-CTS NPs as antimicrobial and antibiofilm agents.
has great potential for many practical applications, such as dye sensitized solar cells, piezo electric transducers, UV-light emitters, chemical and gas sensors and transparent conductive coating [9] . It also exhibits intense ultraviolet absorption and can potentially be utilized as UV-shielding materials and antibacterial agents [10] . ZnO-NPs have been prepared by techniques, such as the sol-gel method [11, 12] , precipitation [13] , hydrothermal synthesis [14] , and spray pyrolysis [15] .
Recently, chitosan (CTS) hybrid materials including conducting polymers, metal NPs and oxide agents have been developed with excellent properties of individual components and outstanding simultaneous synergistic effects [16] . Currently, the research on the combination of CTS and metal oxide has focused on titanium dioxide (TiO 2 ), as it possesses excellent photo catalytic performance and is stable in acidic and alkaline solvents. In parallel with TiO 2 , ZnO also has similar band gap and antibacterial activity [16] . The cationic nature of CTS makes it possible to adhere to the negatively charged surface, such as bacterial cell membranes. CTS is soluble in dilute acidic solutions and interacts with polyanions to form complexes and gels. CTS is innocuous and possesses antibacterial and antifungal properties [17, 18] . CTS has tremendous ability to form metal complexes with Zn metal [19] . Owing to the presence of amine and hydroxyl groups on CTS, currently ZnO-CTS complex attracted great interest for its potential use as UV protector and medicament.
However, due to the extremely high reactivity, the initially formed ZnO NPs tend to react rapidly with the surrounding media or agglomerate, resulting in the formation of much larger (lm to mm scale) particles or flocs. In the process, they rapidly lose their bioactivity. In order to prepare more stable and active ZnO NPs, studies have been carried out either by the fabrication on the surface of NPs by organo-alkoxysilane [20] or by grafted polymers [21] . However, only few studies have been carried out on the surface modification of NPs to create a stable dispersion in aqueous medium. Various organic compounds, such as citric acid (CA), glycerol, starch and whey powder (contains lactose moiety), among others can be used as capping agents. These water-soluble organic compounds serve as a stabilizer and dispersant that prevents the resultant NPs from agglomeration, thereby prolonging their reactivity and maintaining the physical integrity. Moreover, these organic compounds are safe and innocuous.
The present work was carried out with following objectives: (1) facile synthesis and characterization of ZnO-CTS NPs with different stabilizers using nano spray drying and precipitation method. Various organic compounds, such as CA, glycerol, starch and whey powder, were used as capping agents to stabilize the NPs formulation and; (2) application of ZnO-CTS NPs as antimicrobial and antibiofilm forming agents against pathogenic microbial strains, e.g., Candida albicans, Micrococcus luteus and Staphylococcus aureus. These strains were selected due to their widespread occurrence and resulting health hazards. C. albicans is a causal agent of opportunistic oral and genital infections in humans [22] . Systemic fungal infections (fungemias) by C. albicans have emerged as major causes of morbidity and mortality in immuno-compromised patients. Candida albicans forms biofilms on the surface of implantable medical devices, as a consequence hospitalacquired infections by C. albicans have become a cause of major health concerns. Micrococcus luteus is a Grampositive, spherical, saprotrophic bacterium that belongs to the family Micrococcaceae. Micrococcus luteus is found in soil, dust, water and air, and as part of the normal flora of the mammalian skin. It also colonizes the human mouth, mucosae, oropharynx and upper respiratory tract. Micrococcus luteus shows higher potential for biofilm formation. Staphylococcus aureus is a facultative anaerobic Gram-positive coccal pathogenic bacterium belonging to Staphylococcaceae family. Staphylococcus aureus is the prevalent cause of food intoxication and can cause a wide range of illnesses, from minor skin infections to life-threatening diseases, such as pneumonia, meningitis, osteomyelitis, endocarditis, bacteremia and sepsis. It is one of the five most common causes of nosocomial infections and is often the cause of postsurgical wound infections [23] .
Materials and methods

Chemicals
Yeast Peptone Glucose (YPG) medium, tryptic soya broth and agar were purchased from Fischer scientific. Zinc oxide (ZnO) and CA were supplied by Sigma-Aldrich (Ontario, Canada). CTS (molecular weight-600-800 kDa and degree of deacetylation (DD) [90 % and viscosity 200-500 mPa s) and starch (soluble, ACS grade) were purchased from Fisher Scientific (Ontario, Canada). Whey powder (whey permeate) was purchased from Agropur Cooperative, Québec, Canada. Milli-Q water was prepared in the laboratory using a Milli-Q/Milli-RO Milli pore system (Milford, MA, USA). Glycerol was purchased from Labmat Inc. Québec, Canada. The composition or properties of whey powder were as follows: carbohydrates (mainly as lactose) [82.0 %; protein B3.5 %; fat \0.3 %; ash content 8.0-9.0 %; moisture \5.0 %; pH (10 % solution) 6.1 and titrable acidity of 0.12 %.
Preparation of ZnO-CTS NPs
Nano spray drying method
The synthesis of ZnO-CTS NPs was carried out using nano spray dryer (B-90 BUCHI, Switzerland). NPs were prepared by dissolving 0.75 g of ZnO powder in 100 ml of 1 % (v/v) acetic acid. This led to the dissociation of ZnO to zinc cations. 1 g of CTS was added to this solution. After fully dissolving the CTS, different organic compounds [1 % (w/v) CA; 0.5 % (w/v) whey powder; 0.5 % (w/v) soluble starch and 0.5 % (w/v) glycerol] were added as stabilizers in various treatments. For comparison, control of ZnO NPs and ZnO-CTS NPs was prepared in the absence of stabilizer following the similar procedure. The process conditions were as follows: spray speed was 100 %; inlet and head temperature was set at 120 ± 1°C. The pump speed was adjusted on standard mode of 1 and gas pressure was adjusted at 40-45 hPa which corresponds to a gas flow of around 150-160 l/min. The NPs formed were manually collected using particle collection paper.
Precipitation method
The similar procedure as nano spray dryer was followed and after making the solution containing ZnO-CTS in the absence or presence of stabilizer, the mixture was sonicated for 30 min. With magnetic stirring, 1 M NaOH was added until the solution attained pH 10. The samples were heated in water bath at 80 ± 1°C for about 3 h followed by frequent washing with distilled water and lyophilization using a freeze dryer (ScanVac Cool Safe, LaboGene, Lynge, Denmark).
Analytical measurement
Viscosity of different samples was measured using a rotational viscometer Brookefield DVII PRO ? (Brookfield Engineering Laboratories, Inc., Stoughton, MA, USA) equipped with Rheocalc32 software. The viscosity data acquisition and analysis were carried out using Rheocalc V2.6 software (B.E.A.V.I.S.--Brookfield Engineering Advanced Viscometer Instruction Set). All measurements were performed at 25 ± 1°C, 36.69 s -1 shear rate and viscosity was referred to as ''apparent viscosity''. pH of the different metal oxide solutions was measured with the pH meter equipped with glass electrode.
Characterization of NPs
UV-Vis spectrum
Absorption spectra of the NPs in aqueous suspension were recorded using a UV-Vis spectrophotometer (UV 0811 M136, Varian, Australia) at 200-600 nm. The optical path length of the cuvettes used in all the experiments was 1 cm. The absorption spectra were recorded at room temperature.
Size, zeta potential measurements and scanning electron microscope (SEM)
The mean size, size distribution and zeta potential measurements of the ZnO-CTS NPs were performed by Nano Zetasizer (Nano series, Malvern instruments Ltd., Worcestershire, UK) equipped with multipurpose titrator (MPT-2). The morphology of the synthesized ZnO NPs was examined by a scanning electron microscope (Model: Carl Zeiss EVO Ò 50 smart SEM) with a magnification of 10.0 K X, working distance (WD) 20 mm, secondary electrode 1 (SE 1) detector and EHT 10 kV. Samples were coated with gold before SEM testing.
Assessment of in vitro antimicrobial and antibiofilm activity of ZnO-CTS NPs
In this study the fungal strain, Candida albicans CCRI 10,345, and bacterial strains, Micrococcus luteus CCRI 16,025 and Staphylococcus aureus CCRI 20,630, were used to assess antimicrobial and antibiofilm activity of ZnO-CTS NPs formulations. The microbial strains were cultured for 48 h using Yeast Peptone Glucose (YPG) medium agar plates (C. albicans) and tryptic soya agar plates (M. Luteus and S. aureus).
The qualitative antimicrobial assay
The in vitro qualitative screening of the different ZnO-CTS NPs was performed using agar diffusion method. The filter paper discs (5 mm diameter) were dipped in each filter sterilized tested sample (NPs concentration of 5 mg/ ml) and were placed in Petri dishes with yeast extract, peptone and glucose (YPG) (for fungi) and tryptic soya agar (for bacteria) medium previously seeded with the bacterial inocula. The inoculated plates were incubated for 24 h at 30 ± 1°C. Antimicrobial activity was assessed by measuring the inhibition zone diameter (mm). Based on the qualitative assay results, only the bacterial strains susceptible to tested samples have been further tested in the quantitative assay using liquid medium.
The quantitative antimicrobial assay of the minimal inhibitory concentration
The quantitative assay was performed in liquid medium with twofold serial dilutions of NPs solution (ranging between 5.0 and 0.156 mg/ml) using susceptible strains assessed through qualitative assays. The assay was performed in 96-well plates using tryptic soy broth medium. In brief, 200 ll volume of nutrient medium was poured in each well and inoculated with 20 ll inocula of 48 h grown cultures.
The microplates were incubated at 30 ± 1°C for 24 h. The antimicrobial activity was quantified by measuring the optical density at 600 nm and minimum inhibitory concentration (MICs) was read as the last concentration of the tested compounds, which inhibited the microbial growth.
Antibiofilm activity
The antibiofilm activity was performed using the micro titer method. To do so, the microbial strains were grown in the presence of twofold serial dilution of NPs (ranging between 5.0 and 0.156 mg/ml) in liquid nutrient medium distributed in 96-well plates. In brief, 200 ll medium with known concentrations of tested sample was inoculated with 20 ll bacterial suspension and incubated for 24 h at 30 ± 1°C for bacterial strains. At the end of the incubation time, the plastic wells were emptied, washed three times with phosphate buffer saline (PBS), fixed with cold methanol, and stained with 1 % violet crystal solution for 30 min. The biofilm formed on plastic wells was resuspended in 30 % acetic acid. The intensity of the colored suspension was assessed by measuring the absorbance at 492 nm [24] . The last concentration of the tested compound that inhibited the development of microbial biofilm on the plastic wells was considered as the MICs of the biofilm development and was also expressed in mg/ml [25] .
Statistical analysis
The quantitative antimicrobial assay and biofilm inhibition assay were performed in triplicates and values are given as average ± SD. The data were statistically analyzed using the multiple analysis of variance (ANOVA) by SPSS (16.0 version). To determine the significance of difference between different treatments and concentrations of ZnO-CTS NPs for antimicrobial and biofilm inhibition of M. luteus and S. aureus, the test was performed at the level of p \ 0.05.
Results and discussion
ZnO-CTS-based NPs synthesis and characterization
UV-Vis spectra
The UV-Vis spectra obtained for different ZnO-CTS NPs prepared through nano spray drying and precipitation method are given in Fig. 1a, b . The results indicated the formation of ZnO-CTS NPs. The synthesis of ZnO-CTS NPs is clearly evident, as the excitation peak was observed due to ZnO-CTS NPs at 273 nm, which lies much below the band-gap wavelength of 388 nm (E g = 3.2 eV) of ZnO. It was observed that absorption peaks of ZnO NPs prepared in the presence of stabilizers were prominent as compared to ZnO-CTS NPs without stabilizers. The absorption peak for a suspension of NPs is broader and determined by the distribution of particle size. In the smaller wavelength range, particles with smaller size contribute more and at the region of absorbance maximum, all particles contribute to the absorbance [26] . Therefore, the average particle size of ZnO-CTS NPs observed in the presence of stabilizers was lower as compared to the ZnO NPs prepared in the absence of stabilizers.
Size and zeta potential
The mean size and size distribution of various ZnO-CTS NPs with different stabilizers and synthesized through different methods are provided in Table 1 . The mean size of the ZnO-CTS NPs synthesized through nano spray dying method ranged between 93.2 and 403 nm. The mean size of ZnO-CTS-glycerol NPs (402.5 nm) was even larger than the control (ZnO-NPs, 215 nm). The larger size of NPs may be due to the aggregation of NPs which affects their mean size. The concrete reason for aggregation is not clearly understood. The size distribution is also highly variable with peak 1 (1,196 nm with intensity of nearly 85 %) and peak 2 (9.29 nm with intensity of 14.4 %). This indicates that the concentration of ZnO, CTS and glycerol needs to be optimized to get discrete, uniform and dispersed NPs. In all other treatments, there is not much variation between the mean size and size distribution.
The mean size of ZnO-CTS NPs with different stabilizers and synthesized through precipitation lies between 99.3 and 603 nm. The ZnO-CTS followed by ZnO-CTSstarch exhibits the large size NPs with diameter of 359 and 285 nm, respectively. The ZnO-CTS NPs formulation showed some cross linking or aggregation which impacts their mean size and size distribution. There was not much variation between the mean size and size distribution in other treatments. The NPs obtained in the present study can be further tailored with specific size, uniformity and highly dispersed nature befitted for specific applications through optimization of different variables, such as concentration of metal, CTS and stabilizers.
The zeta potential values of -7.54, -12.9, -1.90, -24.7 and -35.5 mV were calculated for ZnO, ZnO-CTS, ZnO-CTS-glycerol, ZnO-CTS-starch and ZnO-CTSwhey NPs synthesized through nano spray drying method, respectively. Similarly, NPs fabricated via precipitation method resulted in zeta potential values of -17.9, -2.68, -37.3, 1.5, -12.8 and -11.0 mV for ZnO, ZnO-CTS, ZnO-CTS-CA, ZnO-CTS-glycerol, ZnO-CTS-starch and ZnO-CTS-whey NPs, respectively. Higher zeta potential value observed for NPs was prepared in the presence of different stabilizer except for ZnO-CTS-glycerol NPs in both methods. Higher zeta potential values can be due to the higher intensity of smaller size NPs in the medium with different stabilizers. Generally, the particles come closer and flocculation (aggregation of particles to form large size particle) takes place at low zeta potential and vice versa. Based on DLVO (Derjaguin, Landau, Verwey, and Overbeek) theory, a higher (negative) value of zeta potential is expected to result in larger electrostatic repulsion within the particles, leading to a higher shear sensitivity between particles and, consequently, smaller particle sizes.
SEM of NPs formed through nano spray drying and precipitation method
The scanning electron micrographs for ZnO-CTS NPs prepared by nano spray drying and precipitation method using different stabilizers are given in Figs. 2a-f, 3a-f. As evident from the micrographs, the NPs with different size and shapes (circular, elliptical and nano rods) were synthesized depending on the different treatments and methods.
As evident from the results, ZnO NPs synthesized by the nano spray drying method were agglomerated and rod type. It can be inferred that in the absence of CTS and stabilizer, the resultant ZnO NPs do not appear as discrete nanoscale particles and form much bulk dendritic floc-like structures with varying density. This type of aggregation was mainly due to the high surface energy of ZnO NPs [21] leading to formation of bulk structures with lower reactivity. On the contrary, ZnO-CTS NPs were observed to be more distinct and uniform as compared to ZnO NPs. The ZnO-CTS-CA NPs were not synthesized using nano spray drying process. The reason can be the formation of viscous solution (Viscosity 4.50 mPa s) indicative of some polymer formation due to the presence of various functional groups on both CA and CTS resulting in some interaction between them. The nozzle of the nano spray dryer was blocked with viscous solution of ZnO-CTS-CA which resulted in the formation of thin film on the nozzle exit. ZnO-CTSglycerol NPs were also found to be less discrete and elliptical type. ZnO-CTS-starch and ZnO-CTS-whey stabilized NPs were observed to be circular in shape. ZnO-CTS-starch NPs were porous structures whereas ZnO-CTS-whey NPs were found to be more discrete and well dispersed as compared to ZnO-CTS-starch NPs. The presence of whey contributed to the steric hindrance between ZnO-CTS NPs and prevented their aggregation and thus maintained the high surface area and reactivity of the particle. In comparison, ZnO NPs formed by precipitation technique (Fig. 3a-f ) were discrete and less variable as compared to ZnO NPs formed through nano spray drying method. ZnO-CTS NPs formed by precipitation were circular but agglomerated. ZnO-CTS-CA NPs were found to be uniform, distinct and very well dispersed. ZnO-CTSglycerol NPs appeared to be bulk dendritic floc-like structures with non-discrete appearance. On the other hand, ZnO-CTS-starch and ZnO-CTS-whey NPs were found to possess rod-like aggregated structures. Studies demonstrated the multifunctional role of citrate ions in the NPs synthesis process, such as acting as a reducing agent, a stabilizer, and a complex agent [27, 28] . Ji et al. [27] suggested that the citrate ions act as reducing agents, stabilizers, and pH mediators in the synthesis of gold NPs. Various studies have shown that the growth of silver nanocrystals in solution is sensitive to the presence of CA or sodium citrate. However, the precise role of citrate ions still remains dubious. For instance, studies demonstrated that the citrate ions act as stabilizers in an efficient synthesis method for generating mono-dispersed silver nanoprisms through illumination of visible light [29, 30] .
Applications of ZnO-CTS NPs
Antimicrobial activity
Qualitative antimicrobial assay
The results of qualitative antimicrobial assay using ZnO-CTS NPs are provided in Table 2 . As evident from the inhibition zone diameter measurements, it can be inferred that the ZnO-CTS NPs were more effective towards M. luteus and S. aureus as compared to fungal strain C. albicans. Based on the qualitative antimicrobial assay results, M. luteus and S. aureus were further selected for quantitative assay and biofilm inhibiting activity testing.
Quantitative antimicrobial assay
The antimicrobial activity of ZnO-CTS NPs against M. luteus and S. aureus is shown in Tables 3 and 4 . As evident from decrease in the OD (600 nm), the significant (p \ 0.05) inhibition of growth was observed for M. luteus and S. aureus using ZnO-CTS NPs prepared through both nano spray drying and precipitation method. ZnO-CTS NPS showed maximum inhibition at lower concentrations (0.625-0.156 mg/ml) (p \ 0.05) against both M. luteus and S. aureus. However, increasing the concentration of ZnO-CTS NPS above 0.625 mg/ml, lower growth inhibition was observed.
ZnO-CTS NPs prepared by nano spray drying method showed 51.6-73.0 % growth inhibition of M. luteus at concentration of 0.156 mg/ml. Similarly, ZnO-CTS NPs prepared by precipitation method showed 56.8-73.7 % growth inhibition of M. luteus at concentration of 0.156 mg/ml. Significant (p \ 0.05) growth inhibition of S. aureus was observed with ZnO-CTS NPs concentration of 0.156 mg/ml as compared to higher concentrations. ZnO-CTS NPs prepared by nano spray drying and precipitation method showed growth inhibition of 62.0-73.4 and 65.2-82.0 %, respectively, for S. aureus at concentration of 0.156 mg/ml. ZnO-CTS CA NPs prepared by precipitation method showed promising results with nearly 82 % growth inhibition at concentration of 0.156 mg/ml. No significant (p [ 0.05) differences in M. luteus and S. aureus growth inhibition were observed between ZnO-CTS NPs prepared by two different methods, namely nano spray drying and precipitation method.
Unlike ZnO-CTS NPs, CTS and ZnO powder exerted their growth inhibition effect at higher concentration of 5.0 mg/ml. Significant (p \ 0.05) inhibition of growth was observed for both M. luteus and S. aureus at higher dose of 5.0 mg/ml for CTS and ZnO powder. However, decreasing the concentration of CTS and ZnO powder to 0.625 mg/ml and below showed non-significant (p [ 0.05) inhibition. The growth inhibition showed by bulk ZnO and CTS powder at higher concentrations of 5 mg/ml was found to be significantly lower than ZnO-CTS NPs.
An important aspect of the use of ZnO as an antibacterial agent is its non-toxic nature towards human cells Table 3 Antimicrobial activity of ZnO-CTS NPs prepared by nano spray drying and precipitation method against Micrococcus luteus Nano spray drying method which is also the prerequisite for any antimicrobial agent [31] . ZnO is currently being investigated as an antibacterial agent in both micro-scale and nanoscale formulations.
Various studies have demonstrated that ZnO NPs showed antibacterial activity [32] [33] [34] [35] [36] [37] [38] [39] . As evident from this study, the antimicrobial activities displayed by ZnO NPs were higher as compared to micro particles [39] . The exact mechanisms of the antibacterial action have not yet been clearly elucidated. However, research advocated various mechanisms, such as the role of reactive oxygen species (ROS) generated on the surface of the particles [40] , zinc ion release [36] , membrane dysfunction [36, 37] , and NPs internalization [33] . In the present study, the growth inhibition of both M. luteus and S. aureus with ZnO-CTS NPs can be attributed to the above mentioned mechanisms exerted by the ZnO NPs.
Antibiofilm activity
The biofilm inhibition activity of ZnO-CTS NPs against M. luteus and S. aureus is shown in Tables 5 and 6 . ZnO-CTS NPs prepared through nano spray dying and precipitation methods showed significant (p \ 0.05) biofilm inhibition activity against M. luteus and S. aureus at a lower concentration ranging from 0.625 to 0.156 mg/ml. ZnO-CTS NPs showed higher biofilm inhibition activity against both bacterial strains as compared to micro particles of ZnO and CTS. Higher biofilm inhibition activity was achieved with lower concentration of NPs (ranging from 0.625 to 0.156 mg/ml) as compared to micro particles (ZnO and CTS powder) which exerted higher biofilm inhibition activity at higher concentrations of 5 mg/ml.
Micrococcus luteus and Staphylococcus aureus represent two of the most common opportunistic pathogens, due to their frequent incidence in the etiology of the community-acquired and nosocomial infections and to their high rates of natural and acquired resistance to different antimicrobial agents including the widely used antibiotics. The clinical incidence of these bacterial strains is augmented due to their ability to colonize various industrial settings and the cellular as well as the inert substrates, such as medical devices. Both these strains are responsible for the formation of biofilms on medical devices and are associated with various chronic infections which are very hard to treat and often are responsible for severe outcome [41] . In the present study, the inhibitory effect on biofilm could be explained by the potential inhibitory effect of the ZnO NPs on the bacterial exopolysaccharides secretion. Moreover, both ZnO and CTS showed antimicrobial properties. These results are accounting for the potential use of ZnO-CTS NPs in the prevention of the bacterial biofilm development on prosthetic devices, as well as for the design of new antiseptics and disinfectants with efficient protective action against bacterial colonization of tissue and inert surfaces. Further, different types of formulations can be developed for these NPs through encapsulation, powder and hydrogels to suit different application needs.
Conclusions
The study demonstrated the facile synthesis of ZnO-CTS nanoparticles stabilized with different organic compounds. The synthesis of NPs was carried out by two different methods: (1) nano spray drying and; (2) precipitation method. The size distribution analysis, UV-Vis spectrum and SEM monographs of ZnO-CTS NPs indicated that NPs prepared in the presence of stabilizers agglomerated less and dispersed better in water as compared to ZnO and ZnO-CTS NPs without stabilizers. Both the synthesis methods were simple and were devoid of any chemical usage. However, the ratios of ZnO, CTS and stabilizer need to be further optimized for uniform size, shape and better dispersed NPs. The ZnO-CTS NPs showed significant antimicrobial activity and biofilm inhibition activity against M. luteus and S. aureus. The study indicated the promising potential of ZnO-CTS NPs as antimicrobial and biofilm inhibition agents. 
